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Introduction
Power oscillation is a common phenomenon as power system suffers from various disturbances. The safe and stable operation of power system is seriously affected. 1, 2 Now, additional devices are used to improve the system damping and suppress low-frequency oscillation in power system. Additional devices can be divided into two categories: (1) power system stabilizer (PSS) is additionally used in the excitation system 3 and (2) flexible AC transmission system (FACTS) devices are used in line. [4] [5] [6] [7] PSS is used widely, but it cannot provide effective damping for inter-area mode. Thyristor-controlled series compensation (TCSC) and static synchronous series compensator (SSSC) of FACTS devices can be used to damp the power oscillation, but FACTS devices based on thyristor device are slow to transient response, and the resonance possibly appeared in parallel or in series circuit. SSSC does not have these problems; thus, it has certain advantages on damping power oscillation.
In recent years, power oscillation damping (POD) for large interconnected power grids containing SSSC has been widely studied, and numerous improvement approaches have been proposed by scholars. [8] [9] [10] [11] [12] Several means to enhance the control capability of POD of SSSC are available. Most methods are based on determination model and linear control theory, in which the nonlinear equations are linearized at a specific equilibrium. Such as traditional damping controller of SSSC is designed based on proportional-integral (PI) control, [9] [10] [11] [12] and its structure is simple and easy to apply. But multigenerator power system including SSSC is a typical dynamic system, which exhibits parametric uncertainties and strong nonlinearity. The operating conditions of the system are changing constantly, but linear controller is only effective when system fluctuations appear near the operating point. So, it is difficult to meet the requirements for traditional PI controller.
Linear system control method is based on an accurate model, and it does not exhibit robustness with the parameters. To compensate for the shortcomings of it, nonlinear theory is applied to develop a POD controller. 13, 14 In the previous design ideas, affine nonlinear system is transformed into Brunovsky standard based on the differential geometry theory. 15, 16 It provides the advantageous conditions for exact linearization, and it is also widely used.
But the selection of control objectives needs to meet certain conditions; as the control method has lack of flexibility, it cannot satisfy the actual. In Liu et al., 17 objective holographic feedback (OHF) is proposed. Through rigorous mathematical proof, the state variables such as electromagnetic power of generator, the voltage of the machine, and angular velocity are set in the unified state equations. So, it overcomes the shortcoming that the state variables cannot be selected flexibly based on differential geometry theory.
As OHF method is based on the known system model and parameters, it is inevitable for modeling errors and noise disturbances in actual. The existence of these factors will affect the stability of the system. Therefore, a kind of effective method of feedback nonlinear factors is needed to make the necessary supplement. In Zhou and Wang, 18 direct feedback linearization (DEL) is put forward, and it can effectively compensate nonlinear factors.
In addition, H N is a robust approach. 19, 20 H N can deal with the linear part. It can consider the uncertainty of the model and parameter. It can have good damping control effect on power grid including SSSC.
Therefore, the selection of state variables based on previous control method cannot fully reflect the performance of the system, parameter uncertainties, and the strong nonlinear. In order to improve the property of POD controller, a novel nonlinear objective holographic feedback-H N (OHFH) approach is introduced in this study to design the control law for such controllers. DEL is used to estimate model errors and uncertain external disturbances and to eliminate them by feedback. Nonlinear part can be dealt with by DEL.
In this article, combining the advantages of H N method and OHF theory, controller is designed. The proposed algorithm compensates for the deficiency of the traditional method. The simulation results show that the method is simple and effective. The POD controller exhibits stronger robustness, as well as superior static and dynamic performances, than the PSS control technique.
The remaining parts of the article are organized as follows. Section ''Design principles of OHFH'' briefly describes OHF and conventional PI damping controllers. The mathematical model of the system and dynamic behavior of multimachine power system containing SSSC are discussed. The OHFH scheme is proposed, designed, and analyzed in section ''Proposed OHFH POD controller based on DEL.'' Section ''Control flow of the proposed control scheme for damping oscillation'' explains the wide-area damping control (WADC) method and control flow. In section ''Simulation results and discussion,'' the effectiveness and robustness of wide-area control method for damping oscillation are verified via test systems. Finally, the conclusions of the study are provided in section ''Conclusion.''
Design principles of OHFH

OHF
The single input nonlinear control system is shown in the following 17
where x is n-dimension state variable of system, y = h(x) is n-dimension output vector, and u is control variable.
If y is the aim of output in equation (2) expected tracking, then multiobjective equation can be obtained as follows
In order to deal with multiobjective tracking problem of equation (2), in the multiobjective equation (2), looking for first-order relation degree between output y i with equation (1) . Also, the amount is marked as y m , and there is
According to equations (2) and (3), the following equation can be obtained
where
, and L g is the same as L f . After the above transformation, nonlinear factors of the original system are transferred to the virtual control input v. Then, system uncertainties can be estimated by constructing DEL.
Conventional PI damp controllers
Principle structure of SSSC is shown in Figure 1 . According to the mechanism of low-frequency oscillation, power system oscillation is caused by imbalance torque on the synchronous generator rotor. Therefore, in view of the SSSC, controller is added in the converter, in order to generate additional electrical torque to damp electromechanical oscillation. Specific control strategy is shown in Figure 2 . At present, additional damping control of SSSC is mainly based on PI control. 9-12 SSSC-PSS are made up of gain and phase compensation link.
Proposed OHFH POD controller based on DEL
Mathematical modeling of SSSC
The model of SSSC is studied by Bangjun and Shumin 21 and Li et al. 22 SSSC contains the voltage source inverter, direct current capacity, and coupling transformer. It series in line and is injected to voltage _ v pq with line current to 90°.
Generator is expressed in two-order model, the dynamic equation is shown in the following
where d i is the power angle; v i and v 0 are the rotor angular frequency and synchronous angular frequency, respectively; H i is the inertial time constant of generator; D is the damping power coefficient; P m is the mechanical power of generator; and P e is the electromagnetic power of generator. According to circuit theory and considering the voltage v r for reference phasor, the dynamic differential equation of SSSC can be drawn as follows
where i is the line current, v s is the generator terminal voltage, v r is infinite bus voltage, and v is the injection voltage v pq . The indices indicate the direct and quadrature components of the reference frame, respectively. Then, v d and v q can be expressed as
where k is pulse width modulation coefficient for inverter and u is output voltage phase angle for inverter. The electromagnetic power is shown in the following
Multimachine system model containing SSSC According to Kirchhoff's current law (KCL), 23 equation (9) can be obtained
where _ I is the node current, _ I B is the branch currents, and A is correlation matrix.
In order to distinguish between line current and SSSC current, equation (9) is written in dq-axis form as follows
Separating i id and i sd from equation (10), we can obtain
According to equation (6), let i q = 0, then 
The following can be obtained
Thus, power system mathematical model containing SSSC is shown in equation (15) _
Combining equations (5), (6) , and (10) with equation (14), system equations can be constituted. The nonlinear factors of system can be transformed into the equation containing control input by OHF. Uncertainty factors and disturbances can be estimated by DEL. Figure 3 presents the schematic diagram of the proposed method for damping power oscillation. The principle of the new damping controller, which can be used in interconnected power systems, is presented in the following paragraph. Figure 4 shows the control structure of the OHFH applied in the damping controller.
Control design
Based on equation (16) ,
and u qr can be defined as state and input variations, respectively.
The specific design is shown in the following:
Step 1: Constructing the OHF. If the tracking value of the state variable is x ref , then the tracking error is presented as follows
Equation (15) can be transferred into Brunovsky standard system, and the nonlinear factors will be all concentrated in the last equation
where I = 
Step 2: Designing DEL. Due to the given control variable _ x 3 containing many parameters and system state variables, DEL is introduced to simplify these components
, and g(x) contain nonlinear factors such as v and v sq . And unknown parameters are difficult to be obtained. For equation (18) after DEL feedback, we can approximate the formula of the system as follows
In this article, disturbances of controller are feedforward compensated by DEL, the control input equation included in the nonlinear factors of system in this article.
As shown in equation (18), the function of DEL is used to redistribute the variable on the right side of equation (18), which can cause the original control variables with the variable coefficient in DEL to transform into a linear combination of the variable and the constant coefficient.
As mentioned earlier, uncertainty factors and disturbances can be estimated by DEL. Thereby, the problem of system parameters and the state variables can be omitted, and consequently, feedback control is simplified.
After the feedback linearization, equation (19) can be written as follows
Step ,
Based on the damping ability of system and rejecting disturbance, adjust B 1 to solve Riccati equation
Full-state feedback controller can be obtained, and it enables the closed-loop system stable. Also, it makes the norm of transfer function H N fromto z to satisfy as follows
Robust control model parameters restrict on the system stability and robustness. Whether B 1 is too large or small, it can increase the influence of disturbance, but the stability cannot be guaranteed. The selection of g is the key to the robust controller design. For larger g, system robustness is worse. If it is too small, it cannot meet equation (22) , and the system is unstable.
A nonnegative solution can be obtained: P = P Ã . The corresponding robust control strategy is shown in the following
The worst interference w Ã of the corresponding system is as follows
The expression of the control variables can be obtained, and the corresponding formula is as follows
Thus far, the control law can be defined as follows
The schematic diagram of the proposed OHFH based on DEL is shown in Figure 5 .
Control flow of the proposed control scheme for damping oscillation
The flow graph of the proposed control method for damping oscillation, which mainly consists of the OHFH described in previous sections, is presented in Figure 5 . As shown in this figure, the main steps are shown in the following: 
Simulation results and discussion
Four-machine two-area test system
The characteristics of the proposed WADC approach based on OHFH are estimated by four-machine twoarea test system containing SSSC ( Figure 6 ). Data on the system are available in Kundur. 24 SSSC capacity is 100 MVA. The areas of the system are referred to as area 1 (G1-G2) and area 2 (G3-G4).
To verify the effectiveness of the proposed damping control approach, the operation scheme is described as approximately 400 MW, which is the power flow of the tie lines (lines 3-13a and lines 3-13b) from area 1 to area 2. The inter-area mode is (G1-G2) and (G3-G4), which is an important mode affected by several disturbances. In this article, the proposed damping control controller is compared with traditional PI controller. The control parameters of the SSSC are provided in the following. The parameters of OHFH and wide-area PSS are, respectively, as follows:
Generators: S B1 = 885 MVA, S B2 = S B3 = S B4 = 900 MVA, H 1 = H 2 = 6.5 s, H 3 = H 4 = 6.175 s, f = 60 Hz, R S = 0.0025, X d = 1.8, X 0 d = 0:3, X 00 d = 0:25, X q = 1.7, X 0 q = 0:55, X 00 q = 0:25, If there is a fault, it will cause power oscillation of the interconnected power grid. SSSC can support voltage of the power grid and provide damping effect. In this article, the proposed control method suppresses the power oscillation of interconnected power grid under different disturbances, and it provides effective damping.
Comparison and analysis
Case 1: the effect of different control strategies under large disturbance three-phase short circuit. Assuming there is a three-phase at BUS 8 for 200 ms, when 1 s happened. When power grid is accessed to SSSC, tie line flow, active power of G3, the speed curve of w 13 , the voltage curve of BUS 8, the voltage curve of BUS 7, the speed curve of w 1 , and the power angle difference curve of d 13 of system responses under case 1 are shown in Figure  7 (a)-(g), respectively, under no additional damping control, OHFH-SSSC controller, and the conventional PSS controller. The variables of SSSC and the control output are shown in Figure 7 (h)-(j), respectively.
As shown in Figure 7 (a)-(g), active power oscillation of inter-area tie line, the speed curve of w 13 , active power of G3, the voltage curve of BUS 8, the voltage curve of BUS 7, the speed curve of w 1 , and the power angle difference curve of d 13 have been effectively suppressed under the OHFH-SSSC controller. Under the important inter-area power oscillation mode, the system will spend more time settling down when PSS-SSSC are used. As shown in Figure 7 , oscillations can be restrained immediately by the proposed OHFH. With recovery process smooth and short adjusting time, oscillation power can be quickly restored to steady state. Compared with the conventional PSS controller based on PI, the OHFH controller can suppress power oscillation effectively in this article.
At the same time, the voltage curve of BUS 8 is supported by SSSC, and oscillation is reduced under the proposed controller when power grid has a fault. As shown in Figure 7 (h)-(j), there are no oscillations appearing for the i d and V dc of SSSC, and they are restrained immediately. Combining with the control output curves of different methods, the larger the output, the faster the regulation by the proposed method when the fault occurred. The effectiveness of the controller is verified.
Case 2: the effect of different control strategies under small disturbance of input power for synchronous machine. When the system is steady-state operation, input reference power of synchronous generator G1 steps from 1 to 0.85 pu at 1 s. When power grid is accessed to SSSC, tie line active power, active power of G3, the speed curve of w 13 , the voltage curve of BUS 9, the voltage curve of BUS 7, the speed curve of w 3 , and the power angle difference curve of d 13 of system responses under case 2 are shown in Figure 8 controller. The variables of SSSC and the control output are shown in Figure 8 (h)-(j), respectively.
As shown in Figure 8 (a)-(g), active power oscillation of tie line, active power of G3, the speed curve of w 13 , the voltage curve of BUS 9, the voltage curve of BUS 7, the speed curve of w 3 , and the power angle difference curve of d 13 have been effectively suppressed under small disturbance. Compared with PI controller, the OHFH controller has a shorter adjusting time and transient process. Thus, power oscillation can be effectively suppressed by the OHFH-SSSC controller. The speed curve of w 13 and the voltage curve of BUS 9 are reduced under the proposed controller when power grid has a fault. It enhances the damping control ability of SSSC. As shown in Figure 8 (h)-(j), there are no oscillations appearing for the i d and V dc of SSSC, and they are restrained immediately. Combining with the control output curves of different methods, the larger the output, the faster the regulation by the proposed method when the fault occurred. The effectiveness of the controller is verified.
Influence of system performance under system model parameter variation
To validate the influence of the experiment results caused by system model parameter variation, the effect of damping under different r values is analyzed, and the results are provided in Figure 9 .
The situations with different r values are shown in Figure 9 . The values of SSSC r are 0.08, 0.16, and 0.9. As shown in Figure 9 (b), the effects of active power of tie line are almost same, and they can damp oscillation effectively.
Thus, when there are parameter perturbations of SSSC, control effect is still good, and it shows that the proposed controller has strong robustness and good anti-interference performance.
Influence of the proposed WADC under a time delay
A significant time delay of wide-area signals is present in wide-area measurement system (WAMS) and transmission communication networks. When these signals are used for damping control and analysis, the influence of time delay should be considered. To verify the robustness of the proposed WADC under a time delay, different time delay periods are used for comparison and analysis. The results are presented in Figure 10 . As shown in this figure, good results are obtained under the aforementioned time delay periods. This finding demonstrates the robustness of the proposed WADC under these conditions.
Conclusion
A nonlinear POD controller of SSSC is introduced in this article, which is designed by combining the advantages of OHF and H N theory (OHFH) to reduce power oscillation. According to inter-area oscillation with insufficient damping, power oscillation can be suppressed by OHFH. Nonlinear factors in the system can be compensated by DEL, which reduces the complexity of the controller and enables it to exhibit strong practicability and robustness. The controller has a simple structure and is designed based on OHFH. In addition, the OHFH exhibits the advantages of rapid response and the strong resistance to disturbances. The simulation results demonstrate that the proposed damping control scheme reduces power oscillation. The effectiveness of the proposed algorithm has also been verified. 
